Aims-To determine the nature and extent of the antioxidant enzyme system in the human iris. Methods-The fine structural distribution of five antioxidant enzymes (acidic, neutral, and basic glutathione S-transferase (GST), Cu/Zn superoxide dismutase (Cu/Zn SOD), and glutathione peroxidase) was determined by immunogold labelling of ultrathin sections of tissue from six eyes appropriately fixed for immunocytochemistry and embedded in LR white resin. Results-Both Cu/Zn SOD and acidic GST were localised to all constituent cells of the iris. Glutathione peroxidase and basic GST were localised to erythrocytes alone, and labelling for neutral GST was absent. Conclusions-Dense labelling for acidic GST could be linked with the previously documented presence of large quantities of polyunsaturated fatty acids in the iris and/or the presence of xenobiotic substances in the aqueous humour. (Br J Ophthalmol 1997;81:314-318) 
1 that are especially susceptible to peroxidation. [2] [3] [4] Information currently available, although limited, supports the hypothesis that antioxidant enzymes are present in the iris in significant quantities. In a light microscopical study of the distribution of Cu/Zn superoxide dismutase (Cu/Zn SOD) in the rat eye, staining was noted over the posterior pigmented epithelium of the iris. 5 In addition, biochemical measurement of glutathione peroxidase activity in the rabbit eye indicated that iris and ciliary body had the highest activity among the intraocular tissues examined. 6 In order to expand an understanding of antioxidant systems, the fine structural distribution of five of the principal antioxidant enzymes was mapped out in the human iris, using antibodies against Cu/Zn SOD, glutathione peroxidase, and three forms of human glutathione S-transferase (acidic, basic, and neutral). Immunoelectron microscopy was the technique of choice in the present investigation because it provides detail of the fine structural localisation of the above enzymes.
Materials and methods
Ostensibly normal iris tissue was obtained from six freshly enucleated eyes and the indications for enucleation are shown in Table 1 . The age range of the patients was 2-75 years (Table 1) . Fixation and plastic embedding of iris tissue for immunocytochemical studies is described by Konstas et al. 7 Conventional light and electron microscopy confirmed that the tissue was normal. The immunocytochemical procedure is also described elsewhere. 8 All primary antibodies were supplied by Biogenesis Ltd (Poole).Those antibodies against the three forms of glutathione S-transferase (alpha, mu, and pi) were rabbit polyclonals and the others were sheep polyclonals. Goat anti-rabbit and donkey anti-sheep secondary immunogold conjugates (10 nm) were supplied by British Biocell International (CardiV). Normal goat and rabbit serum negative controls (Sigma) were concurrently conducted at the same dilutions. Omission of the primary antibody was also used as a negative control.
Results
Tissue from a wide age range of patients was chosen to ensure that the present findings were not a feature of any particular age group. As fixation is the principal factor of tissue processing that aVects immunolabelling intensity, strenuous attempts were made to reduce variation in the fixation regime. Thus, fixation was always conducted for 2 hours in 4% paraformaldehyde with the addition of low concentrations of glutaraldehyde (Table 1) . Although phosphate buVered fixation produced better ultrastructural preservation and immunolabelling density than cacodylate buVered fixation, this disparity was eliminated with the addition of 2-6% sucrose to the cacodylate buVer. It should be stressed that the eVect of this form of tissue manipulation produces images which are not encountered in conventional electron microscopy-that is, the illustrations in the present paper appear in 'reversed contrast'. This is due to the omission of osmium tetroxide postfixation which, although standard for conventional transmission electron microscopy, is inap- propriate for immunocytochemical studies. Thus, biological membranes that have a dark contrast with osmium tetroxide staining, appear here as white lines. The significant findings were as follows: (i) both acidic glutathione S-transferase (Fig 1) and copper/ zinc superoxide dismutase (Fig 2) were located within the cellular components of the iris, (ii) basic glutathione S-transferase and glutathione peroxidase were localised only to erythrocytes
Figure 1 Immunogold labelling for acidic glutathione S-transferase. (A) Immunogold particles are preferentially located over the cell membrane (arrows) of microvillar basal infoldings of the posterior pigmented epithelium. (B) Nucleus of posterior pigmented epithelial cell exhibits intense labelling; the nucleolus (Nu) is free of label. (C) Cytosol of basal myoportion (dilator muscle) of anterior pigmented myoepithelium. Mitochondria (thick arrows) are devoid of immunogold particles. (D) Densely labelled 'fibrocyte' in iris stroma. Labelling of the nucleus (N) is largely confined to the non-condensed chromatin regions and is absent from mitochondria (small arrow). A region of condensed nuclear chromatin is indicated by large arrow. (All bars = 0.5 µm.)
within the iris vasculature, and (iii) no convincing labelling was observed for neutral glutathione S-transferase.
ACIDIC GLUTATHIONE S-TRANSFERASE-PI
Labelling for acidic glutathione S-transferase-pi (acidic GST) was intense in both the nuclei and cytosol of the posterior pigmented epithelium ( Fig 1A, B) , the anterior pigmented myoepithelium (Fig 1C) , fibrocytes, and melanocytes in both the iris stroma and anterior border layer (Fig 1D) . No label was present over extracellular matrix components, such as the basement membranes of the posterior ( Fig 1A) and anterior pigmented epithelium, striated collagen fibrils of the stroma, and basement membranes of the iris vasculature. Although cells of the posterior pigment epithelium exhibited rarefaction of their cytoplasm, such rarefaction was not evident in the microvillar basal infoldings or within the nuclei of the cells. Perhaps the most striking feature of immunogold labelling for acidic GST was the preferential localisation of immunogold particles to the cell membrane lining microvillar basal infoldings of the posterior pigmented epithelium ( Fig 1A) . Dense labelling for acidic GST was present within the cell nuclei. In contrast with the rest of the nucleus, the nucleolus was free of immunogold particles (Fig 1B) . Pigment granules were also free of label. No other organelles were observed in the posterior pigment epithelium. Acidic GST was present in the cytosol of the basal and apical regions of the anterior pigmented myoepithelium ( Fig  1C) . Mitochondria, present in the basal myoportion, were free of label ( Fig 1C) . Nuclei of the anterior pigmented myoepithelium were not so densely labelled as the nuclei of the posterior pigmented epithelium. Considerable variation in the density of labelling was noted in what were classed as stromal fibrocytes. In most 'fibrocytes' labelling was as intense as that seen in the posterior pigmented epithelium ( Fig 1D) and was confined to the nucleus and cytosol, being absent from mitochondria, the lumina of rough endoplasmic reticulum, and nuclear envelope (Fig 1D) . Immunogold particles within the nucleus were largely confined to areas of granular nuclear material, being far less prevalent over the more electron dense homogeneous heterochromatin deposits that tended to pack along the inside of the nuclear envelope (Fig 1D) . Stromal melanocytes exhibited a similar intensity and pattern of labelling. A minority of 'fibrocytes' were virtually free of immunogold particles. It was not possible, by ultrastructural examination, to differentiate between fibrocytes and some cell types of the immune system, such as MHC class II positive dendritic cells which are resident in the iris. 9 Labelling was absent from mast cells which were identified by means of their ultrastructural hallmark of 'bearpaw prints'. Some labelling was also observed over vascular supporting cells and the nuclei of vascular endothelial cells. Few immunogold particles were present over the cytoplasm of the vascular endothelial cells, or over the plasma and erythrocytes within the vascular lumen.
Fibrocytes (Fig 1D) and melanocytes of the anterior border layer exhibited a similar pattern and density of labelling as the fibrocytes and melanocytes in the iris stroma.
CU/ZN SUPEROXIDE DISMUTASE
The distribution of label for Cu/Zn SOD (Fig 2) was similar to that of acidic GST (Fig 1) , but
Figure 2 Immunogold localisation for Cu/Zn superoxide dismutase. (A) Immunogold particles are localised to the nucleus of a posterior pigmented epithelial cell. The degree of labelling is significantly less than that seen with acidic glutathione S-transferase (GST) (compare with Fig 1B). (B) Microvillar basal infoldings of posterior pigmented epithelium. Unlike acidic GST (Fig 1A) no preferential labelling of the cell membrane is evident. (C) Immunogold particles are present over the nucleus (N) and cytoplasm (Cy) of anterior pigmented myoepithelium.
the intensity of labelling was significantly less. Positive labelling was present in both the nucleus and cytoplasm of cells in the posterior pigmented epithelium (Fig 2A, B) , the anterior pigmented myoepithelium (Fig 2C) , fibrocytes, and melanocytes of the stroma and anterior border layer. Mitochondria, endoplasmic reticulum, pigment granules, and nuclear heterochromatin were free of label. Microvillar basal infoldings of the posterior pigmented epithelium exhibited positive labelling ( Fig 2B) . However, unlike acidic GST, no preferential labelling of the cell membrane lining these infoldings was evident (Fig 2B) .
CONTROLS
Immunogold labelling was sparse when the primary antibody was omitted in both the goat anti-rabbit and donkey anti-sheep gold controls (Fig 3) . Labelling was non-specific in the normal rabbit serum and normal sheep serum negative controls. Non-specific labelling was greater in normal rabbit serum controls than in normal sheep serum controls.
Discussion
Although the labelling intensity for acidic GST was greater than that of Cu/Zn SOD, this does not necessarily imply that acidic GST is the more abundant of the two enzymes but may reflect dissimilar sensitivities of the antigenic epitopes to tissue processing (particularly fixation) or diVerent avidities of the antibodies to their respective epitopes. Such factors, however, would not influence the specific localisation within constituent cells, such as the preferential labelling of the cell membrane in basal infoldings of the posterior pigmented epithelium with acidic GST antibodies and the absence of such labelling with Cu/Zn SOD. Inequality of labelling between the three isoenzymes of GST (acidic, basic, and neutral) has also been observed in other human tissues. 10 The abundance of acidic GST in iris tissue could be ascribed to the high content of polyunsaturated fatty acids (PUFAs) in the tissue, 1 as glutathione S-transferases play a critical role in neutralising lipid hydroperoxides, 11 12 thereby preventing any further damage arising from a chain reaction of peroxidation. 13 Alternatively, it may be linked to the iris being immersed in a 'bathing fluid', as cells bathed in a specialised extracellular matrix fluid exhibit intense staining for GST. 14 Examples include Muller cells of the retina which are in contact with the vitreous, 14 Bergmann cells of the cerebellum, that are bathed in cerebrospinal fluid, 15 and hair cells of organ of Corti which are bathed in endolymph fluid. 16 The iris can be added to this list, as it is bathed in aqueous humour and, as the present study has shown, contains an abundance of GST. Since glutathione S-transferases have been shown to function in mammalian tissues as metabolic detoxicants of diverse electrophilic xenobiotics [17] [18] [19] these cell types may require GST to process exogenous toxicants present in the bathing fluid.
14 Acidic GST has not previously been localised at the ultrastructural level in any human or animal tissue. That acidic GST was located to the cytoplasmic ground substance and not to the organelles within the cytoplasm is therefore a novel feature of the present study. Obviously, the resolution aVorded by electron microscopy was required to show the absence of labelling for acidic GST from organelles such as mitochondria and the lumina of rough and smooth endoplasmic reticulum. Another striking feature was the intense labelling of the noncondensed chromatin regions (see Fig1D) and its absence from nucleoli ( Fig 1B) and the dense heterochromatin of the nucleus ( Fig  1D) . This finding is interpreted as an active importation of acidic GST into the nucleus, via the nuclear pores. Its location within the non-condensed chromatin may reflect the vulnerability of less well packaged DNA to free radical damage. Oxidative stress to DNA takes the form of 'strand breaks' and damage to bases and sugars which results from hydroxy radical induced damage or activation of nucleases. 20 That acidic GST was also located in the nuclei of all cell types is an indication of its function of conjugating reduced glutathione with oxidised DNA. 21 Perhaps the most striking feature in the distribution of acidic GST was its preferential localisation to the cell membrane lining the basal infoldings of the posterior pigmented epithelium. This feature could be cited as evidence for the importance of acidic GST in detoxifying lipid hydroperoxides since the cell membranes lining the basal infoldings are rich in polyunsaturated fatty acids. 22 It could equally be used as evidence for a demand for the processing of exogenous toxicants since the basal infoldings of the posterior pigmented cells are bathed in aqueous humour. Several lines of evidence suggest that some of the GST isoenzymes play a pivotal role in protecting cells from the consequences of oxidative stress. Hays and Strange 21 state that an assessment of the importance of these GSTs in humans is diYcult at present, because the number of isoenzymes within the alpha and theta class is not yet known and the catalytic preferences of even identified isoforms is not always clear. There is limited information on the ultrastructural distribution of Cu/Zn SOD in animal tissues. 11 23 Biochemical and light microscopic studies demonstrated a large concentration in the iris and ciliary body 24 with localisation to the posterior pigment epithelial layer of the iris. 5 Immunogold labelling for Cu/Zn SOD was absent from mitochondria in the present study. This feature was also noted in enterocytes of the avian intestine 25 and is to be expected, as mitochondria possess a diVerent form of SOD (MnSOD). [26] [27] [28] The dismutation of superoxide anions by Cu/Zn SOD results in the production of hydrogen peroxide which, in turn, is neutralised either by glutathione peroxidase or catalase. The lack of glutathione peroxidase in iris tissue is compensated for by the presence of catalase whose activity has been detected in human iris 29 and which has been immunohistochemically demonstrated in the rat iris. 30 In summary, the use of immunogold labelling has revealed the subtlety of antioxidant enzyme distribution in the iris. This aVords a route for further investigation of light induced damage to the anterior segment tissues and the potential for pharmacological protection.
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